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Abstract

We reporta significantimprovementof spectralproperties
of acadmiuntelluride (CdTe) detector Thiswasaccomplished
via the useof a high quality CdTe crystal,wherehigh Schottky
barrierfor the holeson a CdTe surfacewasformedby usinga
low work-function metal, indium. With a 2x2 mm? detector
at a thicknessof 0.5 mm, the leakagecurrentis measured
to be 0.7 nA at room temperaturg20 °C) and belov 1 pA
at —70°C for 400V biasvoltage. The low leakagecurrent
allows us to operatethe detectorat a higher bias voltage
than for previous CdTe detectors. The enegy resolutionwe
achieved at room temperatureis 1.1-2.5keV FWHM from
the enegy rangeof 2 keV to 150 keV at 20 °C without ary
chage-losscorrectionelectronics.At —70 °C, we obtainedan
enegy resolutionof 1.0 keV FWHM at 122 keV and2.1 keV
FWHM at662keV.

. INTRODUCTION

Cadmiumtelluride (CdTe) hasbeenregardedasapromising
semiconductomaterialfor X-ray and-y-ray detectorsoperated
at room temperature pecauseof its featuressuchas a high
atomicnumber(Z¢4 = 48, Zr. = 52) andalarge bandgap
enegy (£, ~ 1.5eV) [1]. However a considerableamount
of chage lossin CdTe haslimited its capability when such
detectorsare usedashigh resolutionspectrometersequiredin
X-ray and~-ray astronomy

This problemis due mainly to the relatively poor chage
transport property of holes (mobility-lifetime product:
ur ~ 1075-10~* cm?/V) comparedto that of electrons
(ur ~ 107%=10=2 cm?/V). In order to collect all chage
carrierscreatedn the CdTe detector a biasvoltageof several
thousandV/cm is required. Without sufficient voltage, the
pulse height dependson the interactiondepth[2, 3]. In a
semiconductordevice, the magnitudeof the electronicnoise
stronglydependsn the leakagecurrentbecausehe low-noise
chage-sensitie amplifier integratesthe chage in the crystal
and corvertsit to a voltagepulse. Therefore the suppression
of the leakagecurrentis animportantfactorin achieving high
enegy resolution.

Commercially available CdTe detectors use high
work-functionmetalsuchasAu or Ptto form ohmic contacts.
According to Iwase et al. [4], the leakagecurrent of the
Pt/CdTe/Ptelectrodesystemis explainedby the hole injection
from the positive electrode(anode). The low Schottlky barrier

heightfor the holesatthe metal/p-CdE resultsin largeleakage
currentwhenwe apply high bias voltage, which is necessary
to obtain useful electric field for the collection of chages.
Although this electrodesystemshaws long term stability, the
spectraperformancas farfrom superior

Great efforts have been made to form a high Schottlky
barrier with a low work function metal such as Al or In
(indium) [5, 6], but the lack of stability and relatively poor
enepgy resolution have limited the usefulnessof this type
of CdTe detectorsin the past. Squillanteet al. [7] reported
promising resultsfrom In/CdTe/Ptand In/CdTe/Au electrode
systemsin conjunction with the rise time discrimination
electronics. RecentlyOzaki et al. [8] found that the leakage
currentis significantly suppressedvith the use of In as a
positive electrodewhen they use high quality CdTe material
producedby ACROTEC [9]. After carefulthermaltreatment
andthe selectionof propercrystalorientationfor the electrode
system,they succeededo obtain a good performancein the
current mode operation. In this paperwe demonstratehe
performanceof the new Schottly CdTe detectorat or below
roomtemperaturén theenegy rangefrom 2 keVto ~700keV.

[I. SCHOTTKY CDTE DETECTOR

The Schottly CdTe detectorsused in this study were
fabricatedwith the prescriptiondescribedin Ozaki et al. [8].
We usedC'l-dopedCdTe singlecrystalgrown by the traveling
heatemethod(THM). It hasp-typeresistiity of p = 4 x 10°
cm. The ur productsare ~ 10~* cm?/V and~ 3 x 1073
cm?/V for holes and electrons,respectiely. The polished
wafers with (1,1,1) orientation were evacuatedand heated
up to 200-300°C to remove the Te-rich amorphouslayer.
A Schottly junction was formed by evaporatingIn on the
Te-faceof the wafer; the ohmic contactby Pt wasformedon
the oppositeface by electrolessplating (In/CdTe/Ptelectrode
system).The waferswerethencut into detectorsandmounted
on Alumina backing. The detectorusedin this study has
an effective areaof 2x2 mm? and a thicknessof 0.5 mm.
For comparisonwe prepareda detectorwith the Pt/CdTe/Pt
electrodesystem(hereaftemve referto it asPt/CdTe/Pt).



[11. CURRENT-VOLTAGE CHARACTERISTICS AND
HOLE TRANSPORT PROPERTY

A. |-V characteristics

In the Schottky CdTe detector the positive bias hasto be
appliedontheln electrode.The current—wltagecharacteristics
of the Schottky CdTe detectorandthe Pt/Cde/Ptareshown in
Fig. 1 at differentoperatingtemperaturesThe leakagecurrent
of the Schottky CdTe (reversecurrent)is much morereduced
than that of Pt/CdTe/Pt(~ 2 ordersof magnitudeat 100 V).
Even at room temperaturg20 °C), the leakagecurrentwas
suppressetb 0.7nA atabiasvoltage(Vg) of 400V. By cooling
to —10°C, theleakagecurrentdecreasetb 100pA evenat 700
V bias.At —70°C, theleakagecurrentfurtherdecreasetielon
1 pA, whichis toolow to be measuredby our instruments.

Using the measurementat metal/n-CdE interface using
the CdTe crystalby ACROTEC [4, 10], the Schottky barrier
heightsat In/p-CdTe and Pt/p-Cd® are calculatedto be 1.38
eV and0.53 eV, respectiely. The significantsuppressiorof
theleakagecurrentfor the In(anode)/Cd&/Pt(cathode)mplies
that the barrier height at the anodesurfaceis high enoughto
preventtheinjectionof holesinto CdTe.

B. Hole Transport Property

For full chage collectionin the detector the requiredbias
voltageis calculatedo be500V for the 0.5 mm thicknessrom
the 7 productof holes.In orderto seetheimprovementof the
holetransportpropertywith respecto the biasvoltage,5 MeV
a particlesfrom 24! Am sourceare directedonto the positive
electrode. Sincea particlesstop at the surface of CdTe, the
pulseobsened at the output of the chage sensitive amplifier
(CSA) is from the transit of holesacrossthe CdTe detector
In the measurementye usethe CSA (ORTEC 142A) with a
capabilityof measurindastrisetimesupto 10ns.

As shown in Fig. 2, the hole rise time becomesshorter
whenwe appliedhigherbiasvoltage. Therise time of holesat
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Figurel: Current—voltage(l-V) characteristicef the Schottly CdTe

andthe Pt/CdTe/Ptat differentoperatingtemperaturesEachdetector
hasadimensionof 2x2 mm? anda 0.5 mmthicknessIn the Schotthky

CdTe, the positive biaswasappliedto form Schottly barrierfor holes
atIn/p-CdTeinterface.
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Figure 2: Pulseprofilesat the output of a chage sensitve amplifier
(ORTEC 142A) for a particles (E, =5 MeV) on the positive
electrode. The pulsesrepresenthole traversalin the CdTe with a
thicknessof 0.5 mm. Increasingthe bias voltage decreasethe hole
rise time. At 700 V (equialent electric field of 14 kV/cm), the
amplitudeof the pulse almostreachedthat expectedfor full chage
collection. The detectoris operatecat 20 °C.

V=80V andat Vg=700V is 400nsand40 ns,respectiely.
At 700V operation,the measuredise time correspondgo a
hole velocity of 1.3x10% cm/s. It shouldbe notedthat, with
this fastrise time, we are able to usethe detectorin a high
countingernvironmentof ~ 1 MHz. Fig. 2 alsoshows thatthe
amplitudeof the pulseat V=80V increasesbout10-20%
when we apply Vg=700 V. This shavs that the high bias
voltage,i.e, the high carriervelocity, is effective to improvethe
chagecollectionefficiency.

V. SPECTRAL PERFORMANCE

A. Experimental Setup

The extremely low leakagecurrentof the Schottly CdTe
detector requires a careful design of a Chage Sensitie
Amplifier (CSA) to obtain the bestperformance. The input
capacitanc€C;,,) of thedetectorandthe connectoiis measured
to beabout2 pF. Specialcarewastakento selectFETswith a
low gateleakagecurrent. The feedbacknetwork consistsof
0.5 pF capacitanceand 10 G resistancd11]. The chage
signal is integratedin the CSA and shapedby an ORTEC
571 amplifier With 2 usecshapingtime, the equivalentnoise
chagewas0.85keV at C;, = 0 pFand1.35keV at C;,, =
30 pF, respectiely. We mountedthe detectorandthe CSA into
thethermostatichambemwith the temperatureontrolledfrom
20°C to—T70°C.

In order to minimize the effect of the incompletenes®f
the hole collection, we irradiated v-rays from radioactve
sourceson the negative electrode(cathode). For low-enegy
~-rays which interactnearthe cathode,most of the signalto
be integratedby the CSA is due to the transit of electrons.
Throughout the experiment, we did not use rise-time
discriminationor pulse-heightorrectionelectronics.



B. Performance at Room Temperature (20 °C)

Thelow leakagecurrentandthefastholetransporiproperty

of the Schottky CdTe detectorsaregoodindicationsto thatfor
fine spectroscop Hereis now under construction.
Figure 3 shows the enegy spectrumof ~-rays from 241 Am
obtainedat 20 °C by the Schottky CdTe detectorand Fig. 4
shaws that by the Pt/CdTe/Pt. The improvementof the enegy
resolutionis clearly seenby a comparisorof thetwo spectra.

The applied bias voltage was determinedsuch that the
reasonabléowestthresholdenepgy (severalkeV) wasobtained.
This criterion correspondso the biasvoltageof 400V for the
Schottky CdTe and40 V for the Pt/CdTe/Pt. The bestenegy
resolutionwas obtainedwhen the time constantof a shaping
amplifier was setat 0.5 us for both detectors. The electronic
contribution of theleakagecurrentandthe detectorcapacitance
of ~4pF (including male/female BNC connectors)were
measuredy injectingsignalsfrom a pulser Thebroadeningf
the testpulsewas 1.1 keV FWHM for the Schottly CdTe and
1.7keV FWHM for the P/Cde/Pt.

The effect of high biasvoltageis shovn in the shapeof the
60 keV line in Fig. 4. Sincethe40V biasfor the Pt/CdTe/Pt
is far from sufiicient for the full chage collectionfor 60 keV
~-raysat 0.5 mm CdTe thickness,the low-enepy tail due to
chagetrappingis obsened.

Figure 5 shaws the enegy spectrumof 27 Co obtainedfor
the Schottky CdTe with the sameoperatingcondition. The
6.4 keV line is clearly resoled from the noise. The enegy
resolutionof the 14 keV line is 1.2 keV FWHM. The lowest
thresholdof the spectrumdueto noiseis ~ 2 keV. Sincethe
absorptionengthfor 122keV ~-raysin CdTe (2 mm)is longer
than the thicknessof the detectoy the nearsymmetricshape
for the 122 keV line indicatesthatthe full chage collectionis
almostcompleteby the 400V biasoperation.

C. Performance at Low Temperature

Thedecreasé detectoleakagecurrentintroducesdramatic
improvementonthespectrunwhenwe cool thedetector Also
theelectronicnoiseof the CSAis expectedo bereducedn the
low temperatur@peration.By coolingdown thedetectoibelov
—10°C, thebestenegy resolutiorwasobtainedat2 us shaping
time.

The enegy resolution of the 14.4 keV line for 57Co
improvedto 0.9 keV at —10°C (Vp = 700V). In orderto
apply much higherbiasvoltage,we cooleddown the detector
to —70°C (Fig. 6) andoperatechat Vs = 1400V. As shavn in
thisfigure,theenegy resolutionfor the 14.4keV line becomes
0.7 keV FWHM. FeK-a (6.40keV) andK-3 (7.06keV) lines
are beginning to be resohed. The bias voltage of 1400 V
correspondso ~ 30 ns crossingtime betweenelectrodesor
holes, which is shorterby more than an order of magnitude
than the hole lifetime (r ~ 1 us). At this electricfield (28
kV/cm), the line shapeof 122 keV and 136 keV do not show
ary broadening.

In orderto studythe spectralperformancdor higher~-ray
lines, we irradiatedthe detectorwith '37Cs using the same
operatingconditions.Theenegy resolutionof 2.1 keV FWHM
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Figure3: *' Am spectrumobtainedby the2x 2 mm? Schottly CdTe
detectowith 0.5mm thicknessat 20 °C. Positive biasof Vg = 400V
was appliedon the In electrode(anode). The shapingtime was 0.5
ps. It shouldbe notedthatary risetime discriminationor pulseheight
correctionelectronicavasnot used.
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Figure4: 24! Am spectrumby the Pt/CdTe/Ptdetectorat 20 °C under
operatingconditionof 40V biasand0.5 us shaping.The detectothas
samedimensionsasthat of the Schottly CdTe. The low enepy tail
becaus®f incompletechagelossdueto trappingis clearlyseen.

is obtainedfor the 662 keV line (Fig. 7). In the previous
experimentsmeasurementsf enegy of v-raysabove 500keV
were usually obtainedwith the help of electronics, which
correct the chage loss using the rise time information or
selecteventswith fastrisetime [3]. The Schottly CdTe, with
a thicknessof 0.5 mm and underhigh bias voltage, doesnot
requiresuchelectronicsvenfor the662keV photons.

D. Long Term Sability

The long term stability is one of the key issuesfor the
practicaluse of the detector We studiedthe stability of the
Schottky CdTe detectorwith different operatingtemperatures
and bias voltages. Figure 8 shaws the stability obtainedby
one of the Schotty CdTe detectorsunderdifferent operating
conditions. We found that underthe operationat 20 °C and
400V bias,the spectralperformancevasstablefor 2-3 hours.
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Figure5: Theroomtemperaturé¢20 °C) °” Co spectrunbtainedrom
the Schottly CdTe. The6.4keV Fe-Kline is clearlyresohed.
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Figure 6: 57Co spectrum obtained with the Schottly CdTe at

—70 °C without arny pulse-heightcorrection. Applied bias voltage
was 1400 V. No low-enegy tail is seenfor all v-ray lines. Thus,
we achieved 1.0 keV FWHM resolutioneven at 122 keV. Comple
escapgeakscanbe seenat around95 keV. The mostintensie oneis
identified as Cd K-a: escapepeak. The insertillustratesthe blow-up
aroundFe K lines. The dotted lines shavs a model consisting2
Gaussianghatcorrespondo FeK-« andK-2 lines.

We measuredhe shift of the peakand the gradualincrease
of the low-enengy tail, especiallyat high enegy band. These
phenomenaare similar for those reportedas “Polarization”
in the literature[§ 12]. At Vg = 200V, the degradationof

the spectrumstartedafter ~ 30 min. It shouldbe notedthat

the spectralperformanceaecoveredafter the bias voltagewas
re-applied.

At Vg = 400V and —10 °C, the detector performed
consistently for several days. The polarization effect is
probablydueto the chaige accumulationby the non-uniform
electricfield in the CdTe detector{13]. Our resultsimply that
the effect can be overcomeby applying a high bias voltage
and/or operating at a low temperature. A detailed study
aboutthis phenomenan the Schottly CdTe detectoris now
undervay.
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Figure 7: '37Cs spectrum obtained by the Schottly CdTe at

—70 °C without ary rise time discrimination or pulse height
correctionelectronics. All operatingconditionsare sameas Fig. 6.
The insertillustratesthe '37Cs spectrumin the low enegy region.
Two linesfrom Ba producedy successie decayareseen.
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Figure 8: Stability of the spectralperformanceof the Schottly CdTe
detectorat differentoperatingconditions. Horizontal axis shavs the
time in hours after the bias was applied on the detector Top and
bottom panelsshav the relative changeof the peakchanneland the
enepy resolution(FWHM) of the 3"Co 122 keV line, respectiely.
Dataare normalizedby the value at the time whenthe biaswas ON.
Somedifferencesvereobsered amongseveralsamples.

V. CONCLUSIONS

We investigatedthe Schottly CdTe detector with the
In/CdTe/Ptelectrodesystemusinga high quality CdTe crystal
manufcturedoy ACROTEC. Good performancevasobtained
at room temperatureoperation. We achieved an enegy
resolutionof 1.1-2.5keV FWHM at 20 °C in the enegy
rangefrom ~2 keV up to ~150 keV without ary chage loss
correctionor rise time discriminationelectronics. The enegy
resolutionimprovedto ~ 1.0keV FWHM whenwe cooledthe
detectorto —70 °C. This recentimprovementof performance
was achieved by: (1) recentprogressof crystal fabrication
method at ACROTEC, (2) high Schottky barrier for holes



formed at In/p-CdTe interface, and (3) the developmentof
low-noisechaige sensitve amplifiersspeciallydesignedor the
low-leakage-currendetector

We confirmedthat,oncehigh electricfield of severalkV/cm
is applied,the Schottky CdTe hasavery goodenegy resolution
aswell asthe stability to be usedfor a practicalapplication.
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